We developed methods to improve the efficiency of gene cells. Due to the high frequency of targeting, corrected cells correction in mouse embryonic stem cells using homolocould be isolated by screening colonies obtained after gous recombination of a replacement vector. The absolute growth without selection. Alternatively, colony formation frequency of homologous recombination in mouse embryand the absolute frequency could be increased by co-platonic stem (ES) cells, defined as the frequency of homoloing the electroporated cells with nonelectroporated ES cells gous recombination per electroporated cell, is approxibefore the addition of selective medium. These parental mately 10 −5 to 10 −6 by current procedures. Our method for cells were nonirradiated but were killed in the selective gene targeting in mouse ES cells produces an absolute medium. Plating density and efficiency of colony formation frequency of 10 −1
Introduction
applying this technology has been the extremely low Recently, much progress has been attained in the efficient efficiency of this process, especially in pluripotent stem delivery of therapeutic genes using viral or plasmid veccells. 1 Current methods used for gene targeting in mouse tors in vivo and ex vivo. These therapies show the greatest embryonic stem (ES) cells, for example, produce an absopromise for treating diseases caused by recessive lute frequency of homologous recombination of approximutations and diseases, such as cancer, that may respond mately 10 −6 to 10
The low absolute frequency preto transient expression of therapeutic gene products.
cludes the use of homologous recombination for gene These approaches cannot be used to treat diseases therapy in vivo, and necessitates the use of selectable marresulting from dominant mutations, are limited to delivkers in gene targeting ex vivo to facilitate the recovery of ery of relatively small cDNAs, and cannot achieve stable targeted cells. Our goal is to improve the current gene long-term gene expression without integration of the targeting technology to enable the use of homologous vector. Use of integrating vectors, however, presents recombination for gene therapy. additional risks of disrupting essential genes or inactiStudies of the mechanism of homologous recombivation of tumor suppressor genes, leading to neoplasia.
nation have identified several steps that could control the Integrating vectors often fail to support long-term gene absolute frequency, such as the absence of required expression. Furthermore, these introduced genes may recombinases or the presence of inhibitors of recombilack the complex transcriptional regulation that is essennation. 1 Alternatively, homologous recombination may tial for the proper function of many genes.
be relatively efficient, but the absolute frequency measThe use of homologous recombination could overcome ured is limited by the efficiency of DNA delivery to the many of these limitations. The use of this approach to nucleus or the ability to clone and propagate cells that correct mutations in an endogenous genomic locus leads have undergone homologous recombination. Recently, to a functional gene in its natural context with complete there have been several reports of highly efficient homoregulation of expression. Mutations can be corrected in logous recombination in mammalian cells, [3] [4] [5] [6] [7] [8] suggesting genes of any size, and dominant mutations can be eliminthat the lower frequencies commonly observed in ES cells ated. Furthermore, the corrected gene will be expressed are either cell specific or result from the inability to indefinitely if appropriate cells can be targeted. To date, recover homologous recombinants. Some of the new however, homologous recombination has attracted only technologies use small DNA fragments 3 or DNA-RNA hybrid oligonucleotides 4 to correct substitutions or three base pair deletions in genomic DNA. Because several phosphoribosyltransferase (HPRT) and Factor VIII, we wanted to improve the efficiency of the traditional vectors that are used for gene replacement.
The absolute frequency of homologous recombination in mouse ES cells, defined as the frequency of homologous recombination per electroporated cell, 1 is approximately 10 −5 to 10 −6 by current procedures. In addition, the efficiency of colony formation for E14TG2a ES cells measured in nonselective medium has been estimated at 3%. 2 This estimate is similar for E14TG2a cells grown on gelatinized tissue culture dishes or on irradiated feeder layers. On this basis, the measured absolute frequency of homologous recombination of 10 −5 was estimated to reflect a true frequency of 10 . The true absolute frequency was calculated by dividing the observed frequency by the efficiency of colony formation for these ES cells.
2 The true frequency is therefore 100-fold higher than the observed absolute frequency of 10 −5 that was achieved using an improved hprt gene targeting vector. 2 Detection of homologous recombination, however, almost always requires growth in selective media. Because the 3% efficiency of colony formation was 30 The mouse HPRT genomic considered that the efficiency of colony formation is region extending from the 5′ end of exon 1 to the 3′ end of exon 9, the further lowered by the procedure used for selection.
last HPRT exon, is Ͼ33 kb. 30 The diagonal lines represent the region that
The hprt locus in mouse ES cells is often used to meas- 2 we first sought to optimize recovery of ES cells undergoing homologous recombination without the isogous integration of the targeting DNA is operationally defined as formation of ES colonies that survive hisD lation of colonies. To allow simultaneous assessment of the frequency of homologous recombination and nonselection but do not survive selection in HAT. Gene targeting experiments were performed using the convenhomologous integration of the targeting DNA, a second selectable marker was introduced to detect nonhomolotional or our modified procedure (Figure 2 ; see Materials and methods). Selective media were added to the cells gous integration.
The pMP8 targeting DNA 2 ( Figure 1e ) was used to coras indicated. When E14TG2a ES cells were electroporated with 5 nm rect the HPRT locus in E14TG2a mouse ES cells ( Figure  1b) . Double-selection is required to determine the numof linearized pMP8-hisD DNA, following published methods, 10 and plated for colony formation at limiting ber of integrations that are homologous and not random. The pMP8-hisD targeting DNA (Figure 1c) (Figure 3 ). Genomic DNAs were digested with BamHI. The blot was probed with the dimerized 0.2 kb RsaI mouse HPRT genomic fragment previously described. 2 This probe contains a 5′ region of intron 3 of the HPRT gene (Figure 1d ). Lane 1 (Figure 3) shows the predicted 9.2 kb BamHI DNA fragment 2 from parental E14TG2a genomic DNA (Figure 1b) . Genomic DNA fragments from E14TG2a cells electroporated with pMP8-hisD DNA and selected with histidinol and subsequently in HAT were separated by electrophoresis as shown in Figure 3 , lane 2 showing the loss of the 9.2 kb fragment and the appearance of the predicted 14.5 kb BamHI DNA fragment ( Figure 1d ). This result established that the majority of cells in the cell pool had undergone homologous recombination at the HPRT locus. Because E14TG2a is a male ES cell, there is only one 9.2 kb BamHI fragment from the 5′ region of the HPRT genomic locus. Therefore, if this genomic region exchanges DNA with pMP8-hisD targeting DNA by homologous recombination, Southern blot analysis will show only the 14.5 kb BamHI fragment of the targeting DNA. Southern blot analyses of HAT selected cell pools from gene targeting experiments using pMP8 also showed loss of the 9.2 kb fragment and the appearance of the 12.7 kb BamHI DNA fragment as pre- 8, 11 and 14. Lane 1 contains parental DNA and showed the characteristic 9.2 kb BamHI fragment. 2 The colonies that were not targeted also showed the 9.2 kb BamHI plated as pools at a higher density (1.2 × 10 5 /cm 2 ), large numbers of cells survived selection added 24 h after elecfragment. Eight of the 35 colonies that were not targeted are shown in Figure 4 , lanes 3-5, 7, 9, 10, 12 and 13. troporation and subsequently formed colonies ( inized tissue culture dishes or on irradiated feeder layers. The efficiency of colony formation was examined using cells from a targeted clone. Southern blot analysis analysis that had nonhomologous recombination of the pMP8-hisD targeting DNA.
showed that the colony was corrected by the pMP8-hisD targeting DNA, and this colony survived HisD + -HAT R selection. The efficiency of colony formation for targeted ES cell growth and efficiency of colony formation Because the above data show that homologous recombicells plated in medium without selection was densitydependent ( Figure 5 , closed circles). A plating efficiency nation is occurring at a high frequency in ES cells, we examined whether inefficient colony formation could of 4%, comparable to that reported, 2 was obtained in nonselective medium at 3000 cells/20 cm 2 , but could be account for the low absolute frequency previously reported. Typically, the absolute frequency of homoloincreased to 6.5% by plating at 30 000 cells/20 cm 2 . This efficiency also varied with plating density in selective gous recombination is calculated by counting the number of colonies that survive selection at low plating density media and was affected by the type of selective medium in which the ES cells were grown ( Figure 5 , open after electroporation. Perhaps many targeted cells do not Although the above data demonstrate that targeted cells can be identified without the use of selective media, symbols). At the cell plating density of 3000 cells/20 cm 2 , colony formation was decreased 15-to 30-fold in the lack of appropriate probes may necessitate the use of selective medium to identify targeting of some loci. selective media. Higher efficiencies were measured in histidinol medium than in HAT medium. In this experiBecause the use of selective media strongly reduced the efficiency of colony formation ( Figure 5 ), we examined ment, the formation of colonies in selective media was performed under favorable circumstances. In addition, alternative protocols to optimize survival of targeted cells during selection. A similar increase in the efficiency of the cells were given twice the amount of time to form colonies in selective media as in nonselective medium. colony formation could be achieved by co-plating diluted electroporated cells with nonelectroporated parental ES Based on these data, counting colonies after selection underestimates the true frequency of homologous recomcells at the optimal cell density for growth before selection and after electroporation. Selective media were bination by several orders of magnitude and may be a major reason for the reports of low DNA integration freadded to the mixed cells 67 h after electroporation using pMP8-hisD DNA. Three dilutions were examined in quencies in ES cells.
To examine further ES cell density during selection, 14 duplicate, containing 1. . For all dilutions examined, the absolute frequency of homologous recomprocedure, E14TG2a cells were electroporated with the pMP8-hisD targeting DNA and plated at optimal density bination, determined by colony formation after doubleselection, was the same and comparable to that deter-(1.2 × 10 5 cells/cm 2 ) into one well of a six-well tissue culture cluster, and HAT selective medium was added the mined in Table 1 using electroporated cells alone. Data from colony counting showed that 1.2 × 10 6 electropornext day. Figure 6 shows that after 2 days of growth in HAT medium the cell number decreased approximately ated ES cells produced 2.8 × 10 5 ± 0.5 (n = 18) colonies after 2 weeks of growth in hisD selection, and 10-fold. Furthermore, the cell number did not increase within the first 7 days of HAT selection. The ES cells in 2.24 × 10 5 ± 0.5 (n = 18) colonies survived growth for 2 weeks in HAT selection. Therefore, 2.24 × 10 5 colonies the tissue culture dish at this point were approximately 12% confluent, so the cells did not recover quickly. In were targeted by homologous recombination, and 5.6 × 10 4 colonies were produced that had nonhomolocurrent procedures, cells are plated in greater dilutions than the optimal density, thereby creating a further gous integration of HPRT DNA. In this assay, therefore, the absolute frequency of homologous recombination decreased density of ES cells soon after the addition of selective media. ated and then plated at a cell density optimal for growth targeted cells plated, respectively. At lower numbers of after electroporation. Furthermore, to avoid nonhomoloparental cells plated, 72 000 to 720 cells, the efficiency of gous recombination, electroporation conditions should be colony formation varied only slightly from 2.3 to 1.2% adjusted to provide for delivery of a limited number of (Figure 7) . It is interesting to note that this efficiency is DNA molecules into the nucleus. For optimal growth, approximately 10-fold greater than that for targeted cells cells should be about 60-70% confluent on the tissue culplated immediately at high dilutions in selective media.
ture dish the day following electroporation. Low absolute For targeted cells plated at high dilutions in HAT or hisD frequency, similar to that produced in other laboratories, selection, the efficiency of colony formation was in the was obtained by plating ES cells at lower densities for range of 0.1 to 0.3% ( Figure 5 ). This suggests that colony clonal selection immediately after electroporation (Table  formation can be slightly increased at high dilutions just 1). Although colony formation in selective medium may by delaying the addition of selective media after plating.
not be necessary if the rate of homologous recombination is high, nearly quantitative colony formation with selection can be achieved by co-plating with parental cells and delaying addition of selective medium. We have designed gene targeting methods ( Figure 2 ) that are efficient, use far less ES cells, targeting DNA, and growth media, and produce a high absolute frequency of homologous recombination. The protocol described produces an increase in this frequency from approximately 10 −5 to 10
. High absolute frequency is achieved by performing optimized electroporation of a limited number of DNA molecules into nuclei and plating ES cells at optimal density after electroporation. Based on the measured efficiency of colony formation in selective media of 10 −3 , the true absolute frequency in the published targeting experiments at the hprt locus should be approximately 10 −2 after correcting for this efficiency. Thus, our method can increase colony formation by a factor of 10 3 , and other factors including increased efficiency of DNA delivery to the nucleus and a potential increased rate of integration due to delaying selection may contribute an 
with increasing numbers of parental ES cells. Targeted cells were plated
Growth at the optimal density may provide several sig- too dilute in culture they differentiate. This suggests that insufficient extracellular matrix is produced by ES cells
Materials and methods
grown in high dilutions. The many factors that constitute the extracellular matrix of mouse ES cells have not been Construction and preparation of the targeting DNA identified, and the contribution of these factors to colony
The pMP8 targeting DNA, used to correct the HPRT formation remains to be evaluated. Thus, ES cell survival locus in E14TG2a mouse ES cells, has been previously described 2 and was obtained from Dr Oliver Smithies and growth are maximal at an optimal cell density and (University of North Carolina, Chapel Hill, NC, USA). may be enhanced by cell-to-cell contact. Production of The pMP8-hisD targeting DNA was constructed by modihigh efficiency could be due to the increased recovery fication of pMP8. First, PGK-hisD was created by recomof targeted cells, but integration of DNA by homologous binant PCR as described. 25 EcoRI and XhoI restriction recombination could also be enhanced in ES cells that are enzyme sites were included in PGK-hisD at the 5′ and 3′ undergoing more rapid growth immediately after elecends, respectively, by placing these enzyme recognition troporation. The data suggest that adequate cell division, sequences in the PCR primers. PGK-hisD was digested for a period of time after transfection of targeting DNAs with EcoRI and XhoI and ligated into pBluescript II SK into cells in vitro, may be required to produce high abso-(±) Phagemid (Stratagene, La Jolla, CA, USA), that was lute frequency of homologous recombination.
also digested with EcoRI and XhoI, to create pPGK-hisD. We have reproduced the low absolute frequency pMP8 was digested with EcoRI to produce two fragobtained in other laboratories by plating ES cells for ments. One fragment includes the HPRT promoter clonal selection after electroporation (Table 1 ). This frethrough almost to the end of intron 2. This fragment was quency remains low (10 −5 or less) for targeting even when ligated into pBluescript that was digested with EcoRI to using isogenic DNA.
11,12 The absolute frequency of homoproduce pHprtexon1/2. The other fragment includes logous recombination is high in several organisms exon 3 and the remaining sequences of HPRT present in including yeast. In yeast, integration by homologous pMP8 and the Bluescript vector. This fragment was recirrecombination is highly efficient, but the absolute frecularized to produce pHprtexon3+. The EcoRI fragment quency may be limited by the low efficiency of gene that contains HPRT sequences was excised from transfer. In mammalian cells, efficient methods of gene pHprtexon1/2, the recessed 3′ termini were filled in by transfer have been developed, but the absolute frequency the Klenow fragment, and XhoI linkers were added to the of homologous recombination remained low. This sugfragment ends. DNA fragments containing XhoI restricgested that integration of targeting DNA was not tion enzyme recognition sites at their termini were efficient. However, the high absolute frequency of homodigested with XhoI and ligated, in proper orientation, into logous recombination achieved by modifying cell plating pPGK-hisD that was digested with XhoI to produce and selection conditions in the present experiments dempMP81/2-hisD. pMP81/2-hisD was digested with KpnI onstrates that mouse ES cells possess all the essential and the protruding 3′ termini were removed by bacteriorecombinational machinery required for efficient intephage T4 DNA polymerase. This fragment was digested gration of homologous sequences under optimal growth with BamHI, to remove the pBluescript vector, and the conditions. The pMP8 targeting vectors used here contain recessed 3′ termini were filled in by the Klenow fragment. long flanking homologies, 4.0 kb and 3.5 kb, which
The blunt-ended fragment that was isolated includes should maximize their targeting frequency.
11 Vectors PGK-hisD followed by the HPRT promoter through with shorter homologies may not be as efficient. 2, 10 almost to the end of intron 2. pHprtexon3+ was digested Chromatin organization, DNA replication, 24 level of tranwith EcoRI and the recessed 3′ termini were filled in by scriptional activity, and other locus-specific variables the Klenow fragment to produce a blunt-ended fragment. Both blunt-ended fragments were ligated, in proper may also regulate the absolute frequency. Thus, recombiorientation, to produce pMP8-hisD. nation may occur more efficiently in cell types and cell Plasmid DNA was prepared by anion-exchange chromlines that are undergoing cell division or are growing atography (Qiagen, Chatsworth, CA, USA). pMP8-hisD optimally. This may explain why current technologies to was linearized by BamHI restriction enzyme digestion for improve gene targeting were effective only in certain cell use in targeting experiments. After linearization, the lines. 4 Further work is needed to examine these variables DNA was extracted twice with phenol and once with and to determine whether the high absolute frequency chloroform. Then the DNA was precipitated in ethanol, observed at the hprt locus can be generalized to other and the pellet was washed with 75% ethanol. The pellet genes.
was dried in a speed-vac and redissolved in TE, pH 7.4. Homologous recombination is valuable because it can allow precise targeted insertion of genetic information, Gene targeting protocol gene expression in appropriate tissues at appropriate
The following protocol is optimized for gene targeting of levels, correction of mutations including dominant E14TG2a cells, but we will first describe an approach for mutations, and gene inactivation. Because the absolute adjusting conditions in order to use our gene targeting frequency of homologous recombination is high, tarprotocol for other cells and cell lines. It is simple to geting without selectable markers and the use of homolooptimize the protocol for other cells because the use of gous recombination for gene therapy becomes a possimicro-electroporation chambers allows several conbility. The previous low estimate of this frequency, ditions to be tested within a single experiment. The most obtained using conventional gene targeting methods, useful parameters that can be varied in the electropormay not be an adequate indicator of the frequency of ation procedure are: the voltage (V); the capacitance (F); homologous recombination that could be obtained in the temperature used before, after, and during electrovivo, in animal models, using an efficient gene delivery poration; the number of cells and the amount of DNA. It system.
has also been suggested that the frequency of nonhomo-707 logous integration increases if too many molecules of tissue culture dishes. Cells were harvested from a single 10 cm dish and counted using a hemocytometer. Each 10 DNA are delivered into the nucleus.
1 By varying the parameters used for electroporation, the amount of DNA cm dish contained approximately 10 7 cells and provided enough cells for six electroporations using microdelivered into the nucleus can be modulated. For homologous recombination, it is best to use mild conditions electroporation chambers (Life Technologies) that have a 0.15 cm gap between two flat-topped electrode bosses that deliver few DNA molecules into the nucleus. By quantitative Southern blot analyses, we determined that (Figure 2b) . A Cell-Porator Electroporation System (Life Technologies) was used for electroporation. This system one to two copies of DNA are delivered into the nucleus using our gene targeting protocol for E14TG2a cells consists of the pulse control unit that delivers electrical pulses and the chamber safe that holds the chambers durdescribed below. The conditions used are not those that provide for optimal transient expression of reporter ing electroporation. The chamber safe can be filled with water at any temperature. genes such as ␤-galactosidase and luciferase. The best transient expression is produced using higher voltage, Each 10 cm dish of ES cells was processed separately, and all six electroporations were performed before prohigher capacitance, room temperature conditions, and greater amounts of DNA.
cessing another 10 cm dish of cells. Micro-electroporation chambers were cooled on ice 20 min before electroporFor homologous recombination using the microelectroporation chambers, it is best to vary the voltage ation. E14TG2a cells (2 × 10 6 cells) and 5 nm linearized targeting DNA were mixed in a 25 l volume in a sterile from 90 V to 150 V, and variations using room temperature or 4°C before, during, and after electroporation conical-bottomed tube so that the mixture was not spread out over a large surface area. At 5 nm, there were 20 000 might be useful for different cell types. It is best to keep the capacitance low, around 60 F; and the amount of copies of DNA per cell. However, by quantitative Southern blot analysis, we determined that only one or two DNA to use for electroporation is around 5 nm as previously reported.
10 If cells are significantly larger than ES copies of DNA were delivered into the nucleus using the mild electroporation conditions described below. At least cells, then it may be necessary to use fewer cells in the micro-electroporation chamber. It is best to use cells that 23 l of the total 25 l volume consisted of ES cell culture medium. The tube containing this mixture of cells and are 70% confluent for electroporation. One 10 cm dish containing E14TG2a cells grown to 70% confluency has a DNA was placed on ice for 20 min before electroporation. The 25 l mixture was then placed into the precooled total of approximately 10 7 cells. To ensure that cells have been adequately transfected, polymerase chain reaction micro-electroporation chamber by using a pipetor to dispense the mixture on to one of the electrode bosses (PCR) experiments should be performed on cell pools just prior to colony formation, before steps e or f shown in (Figure 2b ). The mixture suspended between the two electrode bosses (Figure 2c ) by surface tension. The Figure 2 . We can easily detect the presence of the targeting DNA in cell pools at two passages beyond elecchilled DNA-cell mixture was resuspended before electroporation by inverting the chamber twice. It is troporation (approximately 1 week after electroporation). Furthermore, the amount of specific targeting DNA important that the cells be well suspended as single cells throughout the procedure. The loaded micro-electrosequences detected in genomic DNA preparations from cell pools grown in nonselective media was similar to poration chamber was placed into the chamber safe that contained chilled water at 4°C. Cells were electroporated that found in genomic DNA from cells of a targeted colony that had been grown under selection and verified for with a 1 s electrical pulse from a 60-F capacitor charged to 90 V. The chambers were immediately placed on ice homologous recombination by Southern blot analysis.
Cell culture was performed as previously for 15 min after electroporation. 26 This electroporation procedure causes little cell death, 10 less than 0.01%. The described.
10,26 The ES cell culture medium consisted of Dulbecco's modified Eagle's medium (DMEM high percentage of cell death was determined by trypan blue exclusion experiments on E14TG2a cells that were elecglucose); 15% fetal calf serum (HyClone Laboratories, Logan, UT, USA); 10 3 units/ml murine leukemia inhibitroporated using the conditions described above. To maintain accuracy for targeting frequency determitory factor, ESGRO (Life Technologies, Gaithersburg, MD, USA), 1 × penicillin/streptomycin, 2 mm l-glutanations, the chambers were inverted, and 15 l of the suspension (1.2 × 10 6 cells) were plated into one well of mine, and 10 m ␤-mercaptoethanol (BME), cell culture tested (Sigma, St Louis, MO, USA). ESGRO and BME a gelatinized six-well tissue culture cluster (35 mm inner diameter). Cells should be about 60-70% confluent on the were added to the ES cell culture medium immediately before use in cell culture. All plates used in these studies tissue culture dish the day following electroporation. Electroporated cells were grown as pools for two passwere coated with 0.1% (w/v) gelatin (cell culture tested; Sigma) in water. Plates were gelatinized immediately ages in wells of gelatinized six-well tissue culture clusters (Figure 2d ). Because large electroporation chambers conbefore use in cell culture. For routine cell culture, E14TG2a cells were grown in gelatinized 10 cm tissue tain 500 l volumes, gene targeting experiments using these chambers require 20-fold greater amounts of culture dishes to 90% confluency and passaged using a 1:5 subcultivation ratio. ES cells were removed from culreagents, ES cells and linearized targeting DNA. For colony isolation in 96-well dishes (Figure 2f ), electure dishes by aspirating the ES culture medium, adding 1.5 ml trypsin-EDTA, and incubating at 37°C for 5 min. troporated cells that had been grown as pools for two passages after electroporation were dissociated to a single All experiments, that used parental cells, were initiated using E14TG2a cells frozen after two passages of the oricell suspension and plated at one cell per well in gelatincoated wells. Each well contained 100 l of ES cell culture ginal ES cell stock.
Gene targeting experiments were performed as premedium. Wells were checked everyday after plating to detect those that had growth only from single cells. Wells viously described 10 with several modifications. E14TG2a cells were grown to 70% confluency in gelatinized 10 cm that had no colonies or that had colonies growing from two or more cells were marked and excluded. Only colFinally, to verify the accuracy of our colony counts, we made 10-fold, 100-fold, and 1000-fold dilutions of electroonies originating from single cells were expanded. The ES culture medium in each well was not changed for 7-porated cells plated with nonelectroporated parental cells on 10 cm dishes as described. After corrections for 10 days, depending on the amount of growth in each well, and an additional 50 l of medium was added to dilutions, the total number of colonies was similar. Furthermore, it was possible to count all colonies on the dish each well no later than 7 days after plating. Each colony originating from a single cell was expanded to 10 3 -10 4 for the 1000-fold dilutions using a dissection microscope. The total number of colonies obtained after counting all cells in the well. After expansion, these cells were harvested for preparation of genomic DNA and for cryocolonies on the dish was similar to the counts obtained using the other visual counting methods described above. preservation. Genomic DNAs were prepared using the TurboGen genomic DNA isolation system (Invitrogen, San Diego, CA, USA).
